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We show that the TE-TM modes splitting and the structure anisotropy of a semiconductor microcavity
combine into a non-Abelian gauge field for exciton-polaritons or cavity photons. The field texture can
be tuned simply by rotating the sample and ranges continuously from a Rashba to a monopolar field.
In the noninteracting regime, the latter leads to remarkable focusing and conical diffraction effects. In the
interacting regime, the spin-orbit coupling induces a breakdown of superfluidity. The spatially homogeneous
flows become unstable and dynamically evolve into spin textured states, such as stripes or domain walls.
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The creation of synthetic gauge fields has been seriously
addressed recently [1–4]. In condensed matter systems,
gauge fields due to spin-orbit coupling (SOC) play a central
role in the spin-Hall effect [5,6], topological insulators [7,8]
and semiconductor-based spintronics [9]. Artificial mag-
netic fields in atomic Bose-Einstein condensates (BECs)
allow the formation of vortices without stirring [1], while
an artificial field of the Rashba type leads to the formation
of spin domains [2]. In purely photonic systems [10]
synthetic gauge fields have been proposed [11,12] and
produced [13], forming a basis for topologically protected
states of a spin-Hall system. The photonic de Haas–van
Alphen effect was shown [14] in the presence of synthetic
magnetic fields [15]. Photonic topological insulators have
been experimentally demonstrated [16,17].
In confined photonic structures, both photons and mixed

particles such as exciton-polaritons experience spin-orbit
coupling. It originates from the splitting between TE and
TM modes [18,19] and is characterized by a k2 scaling and
a double azimuthal dependence. While the TE-TM field
leads to several fascinating effects, such as the optical
spin-Hall effect [20–22] or the acceleration of magnetic
monopole analogs [23,24], it cannot be integrated in the
system Hamiltonian as a minimal coupling. In other words,
it does not satisfy gauge transformations. The dispersion
of the elementary excitations of a polariton BEC in the
presence of the TE-TM splitting is anisotropic [25], but the
dynamics of the condensate is stable. The physical reason is
that the TE-TM field does not break the spatial inversion
symmetry, contrary to Rashba or Dresselhaus SOC [26–28].
In atomic condensates with a SOC linear in k, the ground
state can be plane waves or stripes [29] with or without
trapping, while vortices can also appear in the trapped case
[30,31]. By contrast, the TE-TM field in polariton BECs
allows a homogeneously spin-polarized ground state.
In this Letter, we show how to create an effective gauge

field for propagating photons or polariton condensates by

combining the TE-TM splitting and an additional splitting
between linear polarizations associated with crystallo-
graphic axes (constant effective magnetic field [32]). A
flowing condensate can be created with a wave vector k0 by
adjusting the angle between the laser beam and the cavity
(normal) (see Fig. 1). Around a critical velocity v� ¼
ℏk�=m, for which the static in-plane field Ω associated
with crystallographic axes [18] and TE-TM fields exactly
compensate, the effective field acting on the pseudospin is a
non-Abelian gauge field of the Rashba kind. The orienta-
tion of the field Ω ¼ Ωðcos φ; sin φÞ in the ðkx; kyÞ plane
can be tuned by simply rotating the sample as illustrated
in Fig. 1. In the noninteracting photonic regime, this field
leads to both focusing and conical diffraction effects
[33–36]. In the interacting regime, it makes the homo-
geneous superfluid flow unstable, in close analogy with
atomic condensates with synthetic gauge fields. By inves-
tigating the properties of the collective excitations of
a condensate polarized along the static field, we show that
the gauge field makes the homogeneous superfluid flow
unstable (i) against transverse excitations in a limited
region below k� and (ii) against both transverse and

FIG. 1 (color online). Scheme of the experimental configuration
necessary to produce a controllable gauge field. The angle between
the crystallographic axis (the effective magnetic field Ω) and the
horizontal is φ=2 (φ). A laser with a vertical inclination χ making
an angle θ with the horizontal produces a propagating polariton
beamwith wave vectork0 ¼ ðω0=cÞ sin χðcos θ; sin θÞ, whereω0

is the laser frequency and c is the light speed.
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longitudinal excitations for wave vectors above k�, depend-
ing on the condensate polarization. These two instability
mechanisms trigger the formation of spin stripes and
domain walls. Remarkable features occur when the polari-
zation of the condensate is perpendicular to the static field.
In such a case, a slowly propagating flow is unstable,
whereas the superfluid motion is recovered above a critical
velocity: an unexpected breakdown of superfluidity occurs
in the subsonic regime.
We consider the motion of a bosonic fluid described by

the spinor Gross-Pitaevskii equation

iℏ
∂Ψ
∂t ¼ Ĥ0Ψþ α1Ψ†ΨΨþ α2ΨσxΨ†Ψ; (1)

where Ψ ¼ ðψþ;ψ−ÞT , α1 and α2 are the intra- and
interspin interaction constants, and σx is the antidiagonal
Pauli matrix. The single particle Hamiltonian, valid for both
weakly coupled photons and polaritons in the parabolic
approximation, is written as

Ĥ0 ¼

2
64

− ℏ2∇2

2m −Ω
2
e−iφ þ βð∂y − i∂xÞ2

−Ω
2
eiφ þ βð∂y þ i∂xÞ2 − ℏ2∇2

2m

3
75;
(2)

where β ¼ ℏ2=ð2mrÞ is the strength of the TE-TM field,ml
and mt represent the longitudinal and transverse polariton
masses, mr ¼mlmt=ðmt −mlÞ and m¼mlmt=ðml þmtÞ
is the reduced polariton mass. The Hamiltonian (2)
describes an ideal polariton BEC, in the limit of a
very long lifetime, decoupled from the thermal bath.
Diagonalization leads to the following single-particle
spectrum

ϵ� ¼ ℏ2k2

2m
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2k4 − βΩk2 cosð2θk − φÞ þ Ω2

4

r
; (3)

where k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
andk ¼ kðcos θk; sin θkÞ. Its features

are summarized in Fig. 2 for φ ¼ 0. Fig. 2(a) depicts ϵ�
along kx (θk ¼ 0), exhibiting the crossing of the two
branches at k� ¼

ffiffiffiffiffiffiffiffiffiffiffi
Ω=2β

p
, the point at which the TE-TM

field and Ω exactly compensate. For kx < kc1 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωml=2βmt

p
, the energy is a monotonic function of ky

[Fig. 2(b)]; on the other hand, for kx > kc1 the lower branch
ϵ−ðkyÞ bends and the parametric process ky∶ 0 → �κp, with

κp ¼
�
k20=ð1þm=2mrÞ − k2�ð1 −m=2mrÞ

1 −m=4mr

�
1=2

; (4)

conserving both energy and momentum is possible [see
Figs. 2(c), and 2(d)], leading to a transverse instability of a
superfluid flow. The dispersion is locally linear [Fig. 2(d)]

near q ¼ 0, ϵ� − ϵðk�Þ≃ ℏ2q2=ð2mÞ � ffiffiffiffiffiffiffi
βΩ

p
q, with q ¼

k − k�, where k� ¼ � ffiffiffiffiffiffiffiffiffiffiffi
Ω=2β

p ðcos φ=2; sin φ=2Þ is the
compensation wave vector. This dispersion is typical for a
spin-orbit coupling of the Rashba type. For particles
propagating at a wave vector k0, the Hamiltonian can be
written as

Ĥ0 ¼
ℏ2

2m
ðq2 þ κxσ · qþ κyðσ × qÞ · ezÞ − δ

2
σx; (5)

where κx¼2m
ffiffiffiffiffiffiffi
βΩ

p
=ℏ2 cosφ=2, κy ¼ 2m

ffiffiffiffiffiffiffi
βΩ

p
=ℏ2 sin φ=2

and δ ¼ 2βðk2� − k20Þ. In the region jk0 − k�j ≤ k� − kc1
[shadowed in Fig. 2(a)], the terms scaling linearly in q
dominate. Contrary to the TE-TM SOC in Eq. (2),
Hamiltonian (5) is a true gauge-field, minimally coupled
Hamiltonian, where κx and κy represent the magnitude of the
monopolar- and Rashba-field coupling constants. The gauge
field texture SðkÞ for the particular case of a horizontal
magnetic field (φ ¼ 0) is illustrated in Fig. 2(e) [zoomed in
Fig. 2(f)]. A simple rotation of the sample results in more

Sx
Sx

(a) (b)

(c) (d)

(e) (f)

FIG. 2 (color online). Polariton dispersion relation for φ ¼ 0
(−Ω=2 taken as zero reference). (a) Dispersion along the x
direction showing the two polariton branches ϵ� crossing at the
magic point k� ¼

ffiffiffiffiffiffiffiffiffiffiffi
Ω=2β

p
. The green-shadowed rectangle de-

fines the region jk0 − k�j ≤ kc1, where the transverse dispersion
bends. Panels (b),(c), and (d) show the dispersion along the y
direction (black) and the corresponding x projection of the
pseudospin (blue and gray) for kx ¼ f0.4; 0.97; 1.0g μm.
In (c), a parametric process ky∶ 0 → �κp occurs between an
X-polarized mode and a diagonal (D) and an antidiagonal (aD)
mode. In (d), we observe the linear intersection of two branches
crossing each other at ky ¼ 0. Panel (e) depicts the field texture of
Eq. (2) in the reciprocal space and panel (f) zooms around the
wave vector k�. Parameters used are m ¼ 4.5 × 10−5me,
Ω ¼ 0.2 meV, and β ¼ 0.1 meV μm2, yielding k� ¼ 1.0 μm−1.
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general field textures, related by the transformation S0ðkÞ ¼
RðφÞS½Rð−φ=2Þk�, where RðφÞ is the 2 × 2 rotation
matrix (see also [37]). Hereinafter, we consider the case
φ ¼ 0. To illustrate the effect of gauge field in Eq. (5), we
consider photons (polaritons) propagating at the magic wave
vector k0 ¼ k�ex or close to it, i.e., δ ¼ 0 (Fig. 3). (i) A
Gaussian defect potential UðrÞ ¼ U0 expð−r2=a2Þ with
a ¼ 10 μm, scatters elastically the flow. Most of the light
shows a weak wave vector change of the order of 2π=a.
Downstream from the defect, the particles with diagonal
polarization are pulled to the left, and thosewith antidiagonal
polarization are pushed to the right given their opposite
group velocity projection vy [see Fig. 2(d) for dispersion and
the Supplemental Material [37] for more details]. In fact, the
defect focuses the beam, as if light was “bent” by it [see
Figs. 3(a) and 3(b)]. This is quite remarkable, since focusing
is obtained despite the defect being impenetrable. (ii) Conical
diffraction is obtained by exciting the region around k� with
a circularly polarized pulsed Gaussian pump [Figs. 3(c) and
3(d)]. The physical origin of Hamilton’s conical diffraction
[33] is a singularity in k space (diabolical point). In the
original experiments, it occurred due to polarization splitting
(birefringence) [34,35]. But the Dirac points in graphene
[36] or the crossing point of a Rashba Hamiltonian [as in
Fig. 2(d)] are also examples of diabolical points. (iii) The

fourfold spin pattern, associated with the spin-Hall effect
(from a linearly polarized Gaussian pump centered at k ¼ 0)
due to the TE-TM field [20,22], is replaced by a twofold
pattern [see Figs. 3(e) and 3(f)] induced by the different
symmetry of Eq. (5), when the pump is centered at k�.
Next, we investigate the effect of interparticle interactions.

First, in contrast to the atomic BECs with linear in k SOC
[29], a homogeneous, linearly polarized polariton conden-
sate at rest remains stable in the presence of the SOC
introduced in Eq. (2) for Ω > 0, provided that ml < mt and
jα1j > jα2j, which is the case in experiments. The particular
case Ω ¼ 0 has been investigated in [25]. The situation is
dramatically modified if the homogeneous condensate is
put in motion in the vicinity of k�. The collective excitations
of a polariton BEC propagating with velocity v0 ¼ ℏk0=m
can be determined by linearizing (1) with Ψ ¼ eiðk0·r−μt=ℏÞ
½Ψ0 þ

P
qðuqeiðq·r−ωtÞ þ v�qe−iðq·r−ωtÞÞ�.Foralinearlypolar-

ized condensate, Ψ0 ¼ ðnþ; n−ÞT ¼ n0ðe−iη; eþiηÞT with
polarization angle η [37]. A condensate is X ðYÞ polarized
for η ¼ 0 (η ¼ π=2), and the associated pseudospin is
S0 ¼ n0ex (S0 ¼ −n0ex) [38]. The chemical potential
includes the interaction and the “magnetic” energy of the
condensate

μ ¼ ðα1 þ α2Þn0 − 1

2
ðΩ − 2βk20 cos 2θÞ cos 2η: (6)

We consider a BEC propagating with wave vector k0 ¼
k0ex and velocity v0 ¼ ℏk0=m below the critical Landau
velocity. Let us discuss the case of aX-polarized BEC first.
The spectrum of the elementary excitations contains four
anisotropic branches, two with positive and two with
negative energies: �ϵL;UðqÞ, where the positive Doppler-
shifted lower (L) and upper (U) branches can be written in
the long wavelength limit q ∼ 0 as

ϵLx ≃ ℏcLl jqxj þ
ℏ2k0
ml

qx; ϵLy ≃ ℏcLl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2c1 − k20
k2� − k20

s
jqyj

ϵUx ≃ Δ1 þ
ℏ2q2x
2mt

ζ þ ℏ2k0
mt

qx; ϵUy ≃
n
Δ2

1 þ
ℏ2q2y
mt

Δ2

o1=2

;

(7)

where x, y mark corresponding projections, cLl;t ¼
½ðα1 þ α2Þn=ml;t�1=2 are the two sound speeds, Δ1 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ½δþ 2ðα1 − α2Þn�

p
, ζ ¼ ½δþ ðα1 − α2Þn�=Δ1, and Δ2

can be found in Ref. [37]. Equation (7) allows us to
understand the onset of both transverse (T) and longitudinal
(L) instabilities, as illustrated in Fig. 4. For k < kc1, all the
branches are real and no instability takes place. The
X-polarized condensate is therefore stable and superfluid.
For kc1 < k0 < k�, ϵLy becomes complex, corresponding to
the onset of aT instability [ϵLx and ϵLy in Figs. 4(a), and 4(b)].
The most unstable mode appears at κp [parametric process

FIG. 3 (color online). Effects of the gauge field: (a),(b) Lensing
effect with a linearly polarized polariton flow (k0 ¼ k�) encoun-
tering a potential barrier of size a ¼ 10 μm (a) in the absence and
(b) in the presence of the effective magnetic fields. The color map
shows the total density n ¼ nþ þ n−. (c),(d) Conical diffraction
under circularly polarized pulsed excitation at k0 ¼ k�:
(c) t ¼ 0 ps and (d) t ¼ 50 ps. (e),(f) Polarization domains.
Gaussian linearly polarized pulsed excitation (e) at k0 ¼ 0 for
Ω ¼ 0 and (f) k ¼ k� for Ω ≠ 0. The color map shows the
circular polarization degree ρc ¼ ðnþ − n−Þ=ðnþ þ n−Þ.
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conserves both energy and momentum; see Figs. 2(c),
and 2(d)], but shifts to qy ¼ �κp=2 for μ > Ω. For
k0 > k�, δ < 0, and Δ1 is imaginary, which implies an L
instability in the upper branch ϵUx [Fig. 4(c)], but the T
instability remains as well [Fig. 4(d), T þ L instability].
Above k0 > k2c ¼ k�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mt=ml

p
, the most unstable mode

is observed for q ¼ 0, similar to the zero wave-vector
instability discussed for atomic BECs (see, e.g.,
Ref. [29]). The substantial difference is that this instability
is only achieved for a propagating (and not for a static)
condensate. These results are summarized in Fig. 4(e).
Increasing the velocity, the system evolves from superfluid
to transversally (T), transversally and longitudinally
(T þ L) unstable to finally reach the supersonic
regime v0 > c ¼ clct=ðcl þ ctÞ.
The even more intriguing case of a Y-polarized BEC is

summarized in Fig. 4(f). For low wave vectors, namely,
k0 < kc1, the spin is antialigned with the static field and the
system is T þ L unstable. Above k�, the imaginary part of
the energy vanishes in the x direction, and only the T
instability remains. At wave vectors higher than the second
critical wave vector k2c, the system becomes stable. This
counterintuitive result simply means that superfluidity

breaks down when the flow velocity is decreased or when
particle density is increased.
To confirm the previous results, we performed numerical

simulations using Eq. (1). For X-polarized condensates, we
observe the formation of stripes along the transverse
direction for k0 > kc1, illustrating the onset of a T insta-
bility (not shown, see Ref. [37]) and the formation of spin
domain walls for k0 > k� through the T þ L instability
mechanism [Fig. 5(a)]. For Y polarized BEC, the T
instability is observed for k� > k0 > kc2 [Fig. 5(b)], while
the T þ L is obtained for k0 < k� [37]. At late stages, the
instability saturates and the domain wall breaks into pairs
of half vortices, the elementary topological defects in spin-
anisotropic BECs [39] (see [37] for movie). The T
instability (stripes) develops slower, which can be under-
stood from the polarization of the excitations. A process of
the type qy∶ 0 → �κp=2 occurs between an X and two
almost diagonal (∼D and ∼aD) states (Fig. 2), for which
the difference of polarizations is Δη≃ π=4 giving a factor
cos2ð2ΔηÞ ≪ 1 [10,40]. The longitudinal instability devel-
ops faster, since the process qx∶ 0 → �κx conserves
polarization [cos2ð2ΔηÞ ¼ 1]. Our results reveal a curious
difference with respect to atomic BECs, where exotic
phases are formed in static systems [29–31].
To conclude, we have shown that a non-Abelian effective

gauge field appears for a propagating polariton condensate
as an interplay of the TE-TM splitting and a constant in-
plane field. The configuration we propose can be easily
obtained in microcavities where both static and TE-TM
fields are present. This gauge field leads to lensing effects,
conical diffraction, polarization patterns, and to the insta-
bility of superfluid flow accompanied by the formation of
spin-textured states.

We thank I. A. Shelykh for discussions. This work was
supported by the projects “ANR QUANDYDE,” IRSES
POLAPHEN, and Labex GANEX.
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FIG. 4 (color online). From (a) to (d): Transverse (T) and
longitudinal (L) instabilities for a X-polarized condensate in the
subsonic regime: real (solid) and imaginary (dashed) parts.
Black (red and gray) lines depicting the lower (upper) branches
ϵLx;y (ϵUx;y). T instability: ϵx [panel (a)] and ϵy [panel (b)] for
k0 ¼ 0.93k� > kc1. T þ L instability: ϵx [panel (c)] and ϵy [panel
(d)] for k0 ¼ 1.12k�. Stability diagram for X- [panel (e)] and
Y-polarized [panel (f)] condensates: v� ¼ ℏk�=m (black line),
vc1 ¼ ℏkc1=m (red and light gray) and vc2 ¼ ℏkc2=m (blue
and light gray). The points correspond to the parameters
used in panels (a) and (b) and (c) and (d). We have con-
sidered α1n ¼ 2.5 meV and α2 ¼ −0.2α1, Ω ¼ 0.15 meV
and β ¼ 0.075 meV μm2.

FIG. 5 (color online). Snapshots of the diagonal polarization
degree ρD ¼ ðnD − naDÞ=ðnD þ naDÞ after the onset of instabil-
ities. (a) X-polarized BEC at v0=c ¼ 0.6 and (b) Y-polarized
BEC at v0=c ¼ 0.45. We have used Ω ¼ 0.1 meV
and β ¼ 0.1 meV μm2.
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